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Abstract: Considering the compressibility of the cavity in the cavitating flow, this paper presents a 
modified k-Ȧ model for predicting the cavitating flow in a centrifugal pump, in which the modified 
k-Ȧ model and Schnerr-Sauer cavitation model were combined with ANSYS CFX. To evaluate the 
modified and standard k-Ȧ models, numerical simulations were performed with these two models, 
respectively, and the calculation results were compared with the experimental data. Numerical 
simulations were executed with three different values of the flow coefficient, and the simulation 
results of the modified k-Ȧ model showed agreement with most of the experimental data. The 
cavitating flow in the centrifugal pump obtained by the modified k-Ȧ model at the design flow 
coefficient of 0.102, was analyzed. When the cavitation number decreases, the cavity initially 
generates on the suction side of the blade near the leading edge and then expands to the outlet of the 
impeller, and the decrease of the total pressure coefficient mainly occurs upstream of the impeller 
passage, while the downstream remains almost unaffected by the development of cavitation.     
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1 Introduction 
In liquid flows, if the pressure drops below the saturated vapor pressure, the liquid will 
change its thermodynamic state by forming vapor-filled cavities. This phenomenon, generally 
associated with undesired effects, is known as cavitation. It can cause significant reduction in 
performance, as manifested by the reduced mass flow rates in pumps, load asymmetry, noise, 
vibration, and erosion. To avoid or minimize cavitation, detailed knowledge about the 
existence, extent, and behavior of cavitation is indispensable during the initial design stage. 
Nowadays, computational fluid dynamics (CFD) plays a major role in conducting inner flow 
field analyses in the early design process, and the advanced commercial CFD software can be 
used for a wide range of flow, such as the cavitating flow (Liu et al. 2010; Wang et al. 2011). 
In recent decades, the methods of cavitation simulation based on the Navier-Stokes 
equations have received increasing attention due to their superiority in physical modeling and 
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computational capabilities for cavitation problems. These methods are largely divided into   
two main categories: interface tracking methods (Liu et al. 2006) and homogeneous flow 
models (Coutier-Delgosha et al. 2003a; Singhal et al. 2002; Zwart et al. 2004; Schnerr and      
Sauer 2001).  
The RANS method based on the homogeneous flow theory along with an additional 
transport equation for vapor volume fraction was used in this study. The mass transfer 
between vapor and liquid due to cavitation was modeled by a cavitation model. Therefore, the 
key to numerical simulation was the establishment of an appropriate turbulence model and a 
cavitation model. It is important to note that these methods assume that vapor and liquid 
phases are incompressible, and that they have the same instantaneous velocity field and 
pressure field. However, several recent studies have found that the cavitating flow in the 
mixed-phase region is locally compressible (Coutier-Delgosha et al. 2002; Wu et al. 2003, 
2005; Sezal et al. 2006). In addition, the standard two-equation turbulence models (e.g., the 
k-Ȧ class), originally developed for single-phase non-cavitating flows, are limited to 
predicting the cavitating flow. 
According to the factors described, this paper presents a modified k-Ȧ model for 
predicting the cavitating flow in a centrifugal pump, in which the modified k-Ȧ model and 
Schnerr-Sauer cavitation model were combined with ANSYS CFX. The standard and 
modified turbulence models were verified by the numerical predictions, which were executed 
with three different values of the flow coefficient, and then the numerical results were 
compared with the experimental data. Finally, the cavitating flow in the centrifugal pump 
obtained by the modified k-Ȧ model at the design flow coefficient of 0.102 was analyzed     
in detail. 
2 Mathematical models  
2.1 Governing equations 
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where u is the velocity; t is the time ijδ  is the Kronecker number; mρ  is the mixture density; 
μ  and tμ  are the mixture dynamic viscosity and turbulent viscosity, respectively; and p is the 
pressure. The liquid-vapor mass transfer due to cavitation is governed by the vapor volume 
fraction transport equation: 
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where vρ  is the vapor density; vα  is the vapor volume fraction;  and eR  and cR  are the mass 
transfer rates related to the evaporation and condensation in cavitation, respectively. 
The mixture density mρ  and the mixture dynamic viscosity μ  are defined as 
 ( )m v v l v1ρ ρ α ρ α= + −   (4) 
 ( )v v l v1μ μ α μ α= + −    (5) 
where lρ  is the liquid density, and vμ  and lμ  are the vapor viscosity and liquid viscosity, 
respectively. 
2.2 Turbulence model 
The widely applied k-Ȧ model was adopted (Wilcox 2006). Taking the compressibility of 
the cavity in the cavitating flow into account, an improvement was made to the k-Ȧ model by 
modifying the formula of tμ  following the idea of Coutier-Delgosha et al. (2003b). However, 
in the modified method, the expressions and the constants of the turbulence kinetic energy (k) 
and specific dissipation rate (Ȧ) equations are unchanged. 
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The modified formula for tμ  is 
 
( )t mf kμ ρ ω=  
 (7) 
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As can be observed in Eqs. (6) through (8), for the cavitating flow, the use of ( )mf ρ  
observably decreases the turbulent viscosity in the flow field with a high vapor volume 
fraction. Nevertheless, for the non-cavitating liquid flow, the formula of tμ follows the 
original form. The exponent 0n was set as 10 in this study. 
2.3 Cavitation model 
The Schnerr-Sauer model, frequently used for the cavitating flow in hydrofoils, propellers, 
and axial-flow pumps (Frikha et al. 2009; Li 2011; Sato et al. 2009; Olsson 2008), was 
introduced in this study, and its applicability in the centrifugal pump was validated. The 
Schnerr-Sauer model is expressed as 
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The radius of bubbles  BR  can be computed by 
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  (11) 
where vp  is the vapor pressure, and N is the number of vapor bubbles per unit volume      
of liquid.  
The mass transfer rates in the model are proportional to ( )v v1α α− . They approach zero 
when v 0α =  or v 1α = , and reach maximum values at a certain value of vα  within the 
range of 0 to 1. N is the only parameter that needs to be confirmed in this model. Extensive 
validation studies suggest that the optimal value of N is in the neighborhood of 1013 (Li     
et al. 2008). 
3 Simulation setup 
3.1 Geometry and grid 
The parameters of a pump used for cavitating flow simulation are as follows: the design 
flow Q is 0.013 9 m3/s; the rotation speed n is 2 900 r/min; the specific speed sn  is 99; the 
impeller radius 2D  and base volute radius 3D  are 0.168 m and 0.18 m, respectively; the outlet 
angle 2β  is 31°; the blade number Z is 5; and the impeller outlet width 2b  and volute inlet 
width 3b  are 0.01 m and 0.02 m, respectively.  
The flow domain included four sub-domains: the impeller, the volute, and the 
prolongations for the impeller inlet and volute outlet, which are used to reduce the influence of 
the large velocity gradient on computational results. The three-dimensional models of the 
pump were produced by the professional software Pro/E, with the gap between the impeller 
and volute being added to the impeller.  
It is important to note that ANSYS CFX uses the CV-FEM (control volume-finite element 
method) method, and the CV-FEM method has a better performance with the hexahedral mesh 
than with the tetrahedral one, which tends to degrade the computing efficiency. In addition, 
smoothing the tetrahedral mesh may highly degrade the local quality of the mesh (Pierrat et al. 
2008). Therefore, the hexahedral mesh generated by ICEM CFD was used in this study. 
In order to reduce the influence of the grid number on the computational results, a grid 
dependence study at the design flow coefficient of 0.102 under the non-cavitation condition 
was carried out first. According to the results, the water head reached 33.41 m, 33.27 m, and 
33.14 m when the grid numbers were 0.71 × 106, 1.76 × 106, and 3.12 × 106, respectively.  





ξ −= × , 
with mH and lH  being the predicted heads according to a large grid number and a small grid 
number, respectively, was less than 1%, the influence of the grid number could be ignored. 
Finally, a mesh of 1.76 × 106 elements was selected. Fig. 1 shows the three-dimensional model 
and wall grid of the calculation domain. 
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Fig. 1 3-D model of centrifugal pump and wall grid of calculation domain 
3.2 Numerical method and boundary conditions  
With the CV-FEM method being used in ANSYS CFX 12, the linearized momentum and 
mass equations were solved simultaneously with an algebraic multi-grid method based on the 
additive correction multi-grid strategy. The implementation of this strategy in ANSYS CFX 
has been found to be very robust and efficient in predicting the swirl flow in turbomachinery. 
The high resolution scheme was adopted in space discretization to solve the differential 
equation, and it had the second-order space accuracy. 
Under the cavitation and non-cavitation conditions, the boundary conditions were 
specifically set, almost the same as one another. Generally, the total pressure at the pump inlet 
and mass flow rate at the pump outlet were selected. As for the wall boundary condition, a 
no-slip condition was enforced on the wall surface, and the automatic wall function was 
selected for the area near the wall. In addition, detailed analysis was performed on the 
measurement parameter (y+) of wall grids, and the y+ values were less than 10, which 
essentially met the calculation requirements. For the cavitation case, the volume fractions of 
vapor and water were assumed to be 0 and 1, respectively. 
4 Results 
For the convenience of dealing with the data from experiments and computations, the 
flow coefficient ϕ  is defined as ( )2 2 2Q D b uϕ = π , with 2 22 60u nD= π ; the cavitation 
number σ  as ( ) ( )in v l 220.5p p uσ ρ= − , with inp  being the static pressure at the pump inlet; the 
head coefficient ψ  as ( ) ( )out in 2l 20.5p p uψ ρ= − , with outp  being the static pressure at the 
pump outlet; and the total pressure coefficient ptC  as ( ) ( )pt t tin 2l 20.5C p p uρ= − , with tp  and 
tinp  being the total pressure for the pump and the total pressure at the pump inlet, respectively.  
4.1 Head coefficient dropoff curves under cavitation conditions 
Fig. 2 shows the computed and experimental results with two turbulence models for three 
values of the flow coefficient. In the experiment, the decrease of σ  was achieved by 
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decreasing the pressure in the cavitation tank 5 to 10 kPa each time. Fig. 2 illustrates that the 
simulation results of the two turbulence models are in agreement with the experimental one for 
each flow coefficient. In addition, the simulation results of the modified k-Ȧ model are closer 
to the experimental data than the standard k-Ȧ model at the design flow coefficient (ĳ = 0.102) 
and low flow coefficient (ĳ = 0.082). However, with the high flow coefficient (ĳ = 0.122), the 
head coefficient dropoff curves computed with two turbulence models have almost        
no difference. 
 
Fig. 2 Comparison of computed and experimental head coefficient dropoff curves with                
three values of flow coefficient 
It can be seen that there is a certain deviation of the pump head coefficient between the 
simulated and experimental values. The difference is probably due to friction losses and 
imperfection of the CFD codes, as well as inaccuracies in the geometry. 
The predicted and experimental critical cavitation numbers for three different values of 
the flow coefficient are listed in Table 1. The critical cavitation number cσ   is defined as the 
cavitation number corresponding to the head coefficient falling off 3%. 
Table 1 Critical cavitation numbers obtained with different turbulence models and experiments 
Flow coefficient 
CFD result of cσ  Experimental value cσ  Standard k-Ȧ model Modified k-Ȧ model 
0.082 0.043 0.045 0.050 
0.102 0.040 0.048 0.058 
0.122 0.101 0.084 0.090 
Based on the above analysis, it is concluded that the prediction precision of the modified 
k-Ȧ model is higher than that of the standard model. Therefore, the modified model is more 
suitable for numerical simulation of the cavitating flow in centrifugal pumps. 
4.2 Vapor volume fraction distribution 
The vapor volume fraction contours on the cutting plane of the impeller with a span of 
0.8 are plotted in Fig. 3, where the span is the dimensionless distance (between 0 and 1) from 
the hub to shroud. 
For ı = 0.150, small cavities can be clearly seen on the suction side, attaching to the blade 
leading edge. The developing process of cavitation is also clearly observed on the pressure side: 
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Fig. 3 Blade-to-blade view of vapor volume fraction on cutting plane with span of 0.8  
for ı = 0.056, cavities grow significantly; for ı = 0.045, cavities on the pressure side interact 
with those on the trailing edge of the neighboring blade; and for ı = 0.036, the channel is 
completely obstructed by cavities, generating large blockage to the internal flow and directly 
contributing to the breakdown of pump performances. 
Remarkably, the volume fraction distribution in the impeller passage shows asymmetry 
due to the existence of the volute, which breaks the symmetrical characteristic of the impeller 
passage and the coupling effects between the impeller and volute, making pressure distribution 
on the blade surface asymmetric. 
4.3 Total pressure coefficient distribution in impeller passage 
To study the energy transfer in the centrifugal pump, the impeller passage was divided 
into eight different regions by nine sections, from S0 near the blade leading edge to S8 near 
the blade trailing edge, as shown in Fig. 4. Subsequently, an analysis of the cavitating flow 
was performed in the eight flow regions.  
First of all, the total pressure coefficient of each section was computed by mass flow 
averaging from S0 to S8. Then, the rise of the total pressure coefficient from S0 to S8     
was drawn. It can be seen clearly in Fig. 5 that the decrease of the difference between the total  
   
Fig. 4 Location of analyzed flow regions in impeller    Fig. 5 Repartition of total pressure coefficient  
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pressure coefficients of two adjacent sections with the decrease of the cavitation number 
principally takes place in the upstream sections S0 to S3, while the development of cavitation 
has less effect on the downstream sections S4 to S8. Although the last four ı values are nearly 
constant, with the values varying from 0.056 to 0.036, the total downstream pressure 
coefficient for each section continues to decrease. In addition, it can be observed that the 
difference of the total pressure coefficients between S3 and S4 increases in the cases of ı = 
0.045 and ı = 0.040. Nevertheless, the difference between the total pressure coefficients of 
two adjacent downstream sections from S4 to S8 does not increase. 
5 Conclusions 
This paper presents a modified k-Ȧ model and introduces a cavitation model frequently 
used in hydrofoils and propellers to model the cavitating flow in a centrifugal pump. 
The numerical investigation clearly demonstrates that the breakdown of pump 
performances is mainly due to the development of cavitation. The vapor-filled cavities 
attaching on blades fill up the impeller passage, resulting in the flow separating from the 
blades, and consequently the drop of the head coefficient. 
Furthermore, it is found that with the decrease of the cavitation number, the cavity 
generates on the suction side of blades near the leading edge at first and then expands to the 
impeller outlet, and that the total pressure coefficient of each impeller section decreases, with 
the development of cavitation mainly affecting the upstream sections and having less effect on 
the downstream sections. 
In a word, the simulation results indicate that the application of the modified k-Ȧ model 
and the Schnerr-Sauer model can truly show the decline of the pump performance and 
improve the prediction accuracy. 
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